I. Patiel1ts
Between :\Iay I~I71 and June IB73, 29 infallb and young children were suhjected to varying pcriods of hypothermic circulatory arrest for cardiac surgery. The detaib are seen in Tahk 1. The electroencephalogram was monitored continuously throughout operation. Anaesthesia was maintained using nitrous oxide, oxygen (fiO %) and halothane with muscle relaxants and in some cases supplementation \\·jth f('ntan~'1 (\\'right et al. l!I7:1) . In all cases the Landl'-Eel wards ml'1l1 brane oxygenator \Vas used for perfusion. K iIH' patients died either immecliatd~' aftcr or within four days of operation. Post-nlOrtern examination of the brain was carril'd out in 11\'e of these. :!. Experimcntal ('irClflator." .Irrt'st ill Infant Pigs Thirty one Lanclrace cross piglets betwecn two and fiv(' weeks of age and weighing between :1 and ii kg were studied (Table 2) . Anaesthesia was induced as described in the previous series (Fisk et al. 19H ) using halothane and oxygen, and, after tracheal intubation, the lungs were ventilated with oxygen and halothane through aT-piece. Concelltrations of halothane between 0·5 andl'O% were maintained using a Fluotect vaporiser. The technique of perfusion was similar to that in the previous series (Fisk et al. lU74 ), but recirculation through the oxygenator was not used. Heparin (400 units per kg) was injected into the piglets; littermates \\' t']T hIed oesophagus, rectum and nasopharynx. The rate of cooling did not exceed 0·5°C per minute. After cooling to 20°C (as indicated by the oesophageal thermistor) and continuing perfusion at this temperature for 10 minutes, the circulation was arrested for periods up to 85 minutes (Table 2) . At the end of the period of arrest, the extracorporeal circulation was used to restore the temperature to 37°C. Intracortical E.E.G. electrodes were inserted into the brain before perfusion was commenced in the first nine piglets and no attempt was made to achieve survival. In the remaining piglets extracorporeal circulation was discontinued after the return of continuous E.E.G. activity, heparin was reversed with protamine sulphate and, after the wounds were closed, the animals were allowed to survive for a period of 10 days. In pig numberS the circulation was arrested only for as long as necessary to produce an iso-electric E.E.G., and then perfusion was recommenced.
Electroencephalogram
Using subdermal scalp electrodes six channel E.E.G. recording was continued throughout anaesthesia and operation in both patients and piglets. A follow-up E.E.G., without sedation, was recorded in the surviving piglets during the 10 days after operation. In the first nine experiments, attempts were made to measure E.E.G. activity by means of intracortical electrodes. These were inserted through a small craniotomy postero-lateral to the orbit. Satisfactory electrode placement was confirmed by postmortem examination at the end of the procedure in five instances.
Regression analysis of the duration of arrest against time to return of activity and of continuous activity was carried out using an Univac* 110S computer. The calculation was according to Documenta Geigy Scientific Tables  (1962) , for regression equations with confidence limits. The regression equations in the piglets who survived the operation were compared with those who did not.
Survival of the Piglets
No attempt was made to obtain survlVmg animals in the first nine experiments. Of the remaining 22, seven piglets died during attempts to restore normal circulation, or after perfusion, surgery or anaesthesia. In the majority of cases technical difficulties associated with haemorrhage, pneumothorax or supervIsIOn in the early recovery period were responsible for the deaths. Six piglets died at times varying from one to eight days after the experiment. The majority of these deaths were associated with an outbreak of gastrointestinal infection in the piglet population. The remaining nine piglets survived for 10 days, and were then killed by intracardiac injection of pentobarbitone (600 mg). They all appeared to have normal nervous system function. The brains were removed and fixed in formol saline. Sections * Computer Sciences of Australia.
were cut across the cerebral hemisphere to include the regio post centralis. The survival data are shown in Table 2 . RESULTS 
E lectroencephalogr am 1. Patients
In each of the patients E.E.G. activity ceased completely either before or shortly after circulatory arrest. The time taken for return of continuous E.E.G. activity and the duration of arrest are set out in Table patients in whom continuous activity returned during the operative procedure, the duration of arrest is plotted against the logarithm of the time taken for return of continuous activity in Figure 1 . In fourteen of these patients the pre-operative or intra-operative E.E.G. recordings before circulatory arrest show at least one episode of severe ischaemia. These are shown as the solid circles in Figure 1 . 
Xmnber in the left hand column identifies the piglets in Table 2 . h'.f.a. : Low voltage fast activity.
~. Piglets
In most piglets E.E.G. activity ceased either before circulatory arrest or within 10 seconds afterwards, The amplitude and frequency were depressed during cooling. However in eight of the experiments activity continued for periods varying from 25 to 140 seconds after arrest. In some cases the activity after the arrest was of a higher frequency than that seen before the arrest. These results are summarized in Table : ~.
The times taken for return of continuous E,E.G. activity in the piglets using scalp electrodes and, where recorded, intracortical electrodes are set out in Table 2 . In most cases the activity returned after rewarming to :rj°c. The period of arrest is plotted against the logarithm of the time for return of activit\' in Figure 2 and for the return of continuous activity in Figure 3 . Under these more controlled conditions there was a closer correlation. The regression equations are shown in Table 4 . There was no significant difference between the regression equations for piglets which survived the perfusion and for those which did not, All surviving piglets had normal E.E.G.'s when followed up after operation. The cortical electrodes were able to detect activity after it could no longer be recorded by the scalp electrodes. In one piglet (No. 2) activity continued to be recorded from the cortical electrodes throughout most of the period of arrest. Apart from this, little information was obtain~d from the cortical electrodes that could not be obtained from the scalp electrodes. Illtl'115i111' CaYI', l'ol. I V, So. :!, .H ay, 1976 In survlvmg piglets subsequently killed for histological study of the brain, a normal E.F.G. was recorded during the 10 day post-operative period.
Histology 1. Patients
Four of the five brains from patients who did not survive the operation showed histological changes on examination. The changes are summarized in Table 5 . In patient number seven there was an episode suggestive of cerehral infarction two weeks before operation which could account for the histological changes seen.
The changes in three of the patients (Nos. 3, 17 and 24) were similar to those seen in experimental piglets SUbjected to a prolonged period of arrest at 20°C.
Piglets
The histological changes in the piglet brains ten days after blood flow arrest are summarized in Table 6 .
Eosinophilia of neurons was seen in the cortex of three animals but it is of doubtful significance.
Mild gliosis was noted in the thalamus of one piglet (23) and again its relation to the experiment is not clear.
In piglet 26 infarction of the caudate nucleus was found. In three other animals 13, 31, 18 patchy chromatolysis was seen in cortex, hippocampus and caudate nucleus. These three animals had been subjected to the longest periods of circulatory arrest. Thus significant lesions were not seen in three piglets arrested for less than 30 minutes but were present in four out of six piglets arrested for 30 minutes or longer.
DISCUSSION
The electroencephalogram is a sensitive indicator of the adequacy of cerebral perfusion during cardiopulmonary bypass (Wright et al. 1972) . Hypothermia modifies E.E.G. activity and little or no activity may be present after cooling to 20°C. Amplitude and frequency are reduced. Previous hypoxia and episodes of ischaemia during cannulation and perfusion of seriously ill infants with cardiac disease modify the" usual" pattern so that E.E.G. activity may );ulllber in the left hand column i,kntifies the patients in Table 1. be lost early during cooling or ma~' consist of abnorlllal slow activity. 'Ve have attelllPted to classify the patients in this study according to whether such abnormalities were present. \rhen E.E.C. acti\'ity was present in patients at the time of arrest it ceased shortly afterwards. In the piglets, on the othlT hand, E.E.C. activity persisted for periods up to several minutes afte'r arrest on eight occasions, and in four piglets this activity was of higher frequency than that before arrest. ,re are unable to account for this phenomenon, but a similar phenomenon I n the first nine experiments on piglets intra-("()rtical recording electrodes were inserted and n() attempt was made to obtain survivors. On the five occasions in which successful recordings were obtained there was no increase in activity following arrest. Activity detected by these electrodes persisted after that in the scalp electrodes had c(,<lsed. The activity recorded froIll piglet nUIllber two throughout the period of arrest did not appear to be artefact. Fukukei Anaesthesia aml llltells;ve Care, Vol. IV, 1\'0. 2, ,Hay, IY7fJ et al. (1966) , described activity in cortical and subcortical electrodes persisting during periods of hypothermic arrest in dogs. McMurrey et al. (1956) observed that the delay in return of E.E.G. activity in monkeys after circulatory arrest during hypothermia was related to the period of arrest. Brechner et al. (1959) demonstrated that the delay in return of continuous activity after arrest at temperatures around 30°C increased in logarithmic fashion with the period of arrest. Within the range of temperatures they used, they concluded that the delay was not affected by the temperature used. A delay in return of continuous activity of more than thirty minutes, which was associated with an arrest of seven and a half minutes, was followed by clinical evidence of brain injury in the post-operative period. The relationship between the period of arrest and the return of continuous activity in our patients was more obvious when those patients who suffered some ischaemic insult prior to arrest were excluded. The correlation in the experimental piglets was close. At 20°C a delay of thirty minutes in return of continuous activity in the piglets was associated with an arrest of twenty seven minutes.
Our previous study showed that the histological lesions seen after circulatory arrest for one hour at 20°C were not found in control piglets that were perfused for an hour at 20°C or for two hours at 37°e. A membrane oxygenator was used so that changes due to a blood-gas interface would be minimized. In the present series, changes were detectable in tho~e piglets subjected to arrest for the longer perIods; the shortest period was 30 minutes. The mortality amongst the piglets in which survival was sought was adequately explained by technical mishap or by an epidemic of viral gastroenteritis. Changes in the cerebral cortex of three patients which were similar to those se.en in the piglets may have been associated WIt~ other factors, but all three were subjected to cIrculatory arrest for at least thirty minutes.
. The results of the experimental study in pIglets suggest that histological evidence of b:ain damage can follow longer periods of CIrculatory arrest at 20°C despite the fact that at the time they were killed they appeared clinically normal and had normal E.E.G.'s. The fact that the delay in return of E.E.G. activity increases logarithmically with the peri~d of a~rest suggests that the danger of c<l:usmg bram. damage increases more rapidly wIth every mmute past whatever the "safe" period may be. The suggestion by Brechner et al. (1959) that a delay in return of continuous activity exceeding thirty minutes implies a serious danger of brain damage when the circulation is arrested at 30°C can be related to our finding of histological cerebral changes after the longer periods of arrest at 20°C in piglets. Whether other, less easily detectable changes occur after shorter periods of arrest must remain a matter of conjecture. It is of interest that Edmunds and Folkman (1966) observed increases in cerebral oxygen and glucose consumption and lactate production during the delay in return of cerebral electrical activity in isolated dog brains after 60 minutes circulatory arrest at 10 to 12°e. Bering (1974) measured potassium levels in the cerebro-spinal fluid of dogs during circulatory arrest as an index of deterioration of cells in the brain. At 19°C, the potassium level started to rise after seven minutes of arrest, and increased at an accelerating rate thereafter. He suggested that the cells which deteriorated early may not be vital to survival but might be vital to intellect or other functions.
The use of circulatory arrest at 20°C has been associated with a remarkable advance in corrective cardiac surgery in infancy (Barratt-Boyes 1973 , Subramanian et al. 1973 , Cartmill, Overton and Celermajer 1973 , Hamilton et al. 1973 . The recent introduction of membrane oxygenators into this field (Wright et al. 1973 , Carlson et al. 1973 , eliminating the blood-gas interface, has made cardiopulmonary bypass safer, and allowed continuous perfusion to he applied to open heart surgery in infancy. Our findings have influenced us to confine hypothermic circulatory arrest to those situations where continuous perfusion is a serious impediment to surgery.
